Immobilized DNA templates, glycerol gradient centrifugation, and native gel analysis were utilized to isolate and compare functional RNA polymerase II (RNAPII) elongation complexes from Saccharomyces cerevisiae and human cell nuclear extracts. Yeast elongation complexes blocked by incorporation of 3-O-methyl-GTP into the nascent transcript exhibited a sedimentation coefficient of 35S, were less tightly associated to the template than their human counterparts, and displayed no detectable 3-5 exonuclease activity on the associated transcript. In contrast, blocked human elongation complexes were more tightly bound to the template, and multiple forms were identified, with the largest exhibiting a sedimentation coefficient of 60S. Analysis of the associated transcripts revealed that a subset of the human elongation complexes exhibited strong 3-5 exonuclease activity. Although isolated human preinitiation complexes were competent for efficient transcription, their ability to generate 60S elongation complexes was strikingly impaired. These findings demonstrate functional and size differences between S. cerevisiae and human RNAPII elongation complexes and support the view that the formation of mature elongation complexes involves recruitment of nuclear factors after the initiation of transcription.
mRNA synthesis in eukaryotic cells is a highly complex and regulated process. The transcription cycle on a protein-coding gene consists of at least six mechanistic stages, each of which could potentially be regulated. Numerous experiments have demonstrated that gene-specific activators and repressors can function, at least in part, by modulating the structure of chromatin (1, 33, 44) and the recruitment of the transcription machinery to the promoter to form a preinitiation complex (PIC) (29, 35, 51) . Although PIC formation is clearly subject to regulation, a number of eukaryotic genes are known to be regulated by early blocks to elongation (18, 36, 42) , and it has been proposed that promoter-proximal pausing of RNA polymerase II (RNAPII) may be a general rate-limiting step for transcription (21) . Moreover, numerous accessory factors that alter the elongation efficiency (processivity) of RNAPII in vivo and in vitro have been identified (9, 41) , and transcriptional activators can enhance the processivity of elongating RNAPII (2, 4, 5, 32, 46) .
In addition to its role in the regulation of mRNA synthesis, elongation has been implicated in such diverse processes as nucleotide excision repair (23, 37, 38, 45) , genetic recombination (6) , and mRNA processing. mRNA is processed by 5Ј capping, 3Ј polyadenylation, and splicing, and an interaction between the hyperphosphorylated (elongating) form of the largest subunit of RNAPII and several mRNA processing factors has been demonstrated (3) . These include mRNA capping enzyme (7, 19, 24, 31, 39, 47) , several components of the mRNA splicing machinery (13, 27, 48) , and the CPSF complex, a complex responsible for proper 3Ј mRNA processing (11) . Consistent with these studies, RNAPII is an essential mRNA polyadenylation factor in vitro (15) (16) (17) , and sites of high concentrations of splicing factors in vivo coincide with sites of active RNAPII transcription (26, 28) . Moreover, cells expressing RNAPII with a truncated carboxy-terminal domain (CTD) exhibit specific defects in mRNA splicing and polyadenylation (25) .
Although the evidence that elongation plays an important role in transcription regulation and mRNA processing is convincing, the underlying mechanisms are poorly understood. Several authors have hypothesized the existence of an mRNAsynthesizing and -processing factory, or "transcriptosome" (10, 43) . This complex would theoretically comprise the factors necessary for both efficient transcription elongation and mRNA processing. While this hypothesis is attractive, no direct evidence for the existence of this large complex has been discovered. Moreover, just how and when the many elongation-associated factors interact with the complex remains unclear.
Several studies have begun to address the question of the composition of RNAPII elongation complexes. A recent study utilizing a tandem affinity purification scheme demonstrated that several Saccharomyces cerevisiae factors implicated in transcription elongation copurify with RNAPII (20) . Earlier biochemical studies involved the use of either purified basal transcription components, PICs purified from extracts, or elongation complexes that were extensively washed (30, 32, 50) . Importantly, the composition, properties, and even the molecular mass of functional RNAPII elongation complexes from crude nuclear extracts have yet to be determined. In this paper we report the isolation and partial characterization of functional RNAPII elongation complexes from both yeast and human cell nuclear extracts. Our results demonstrate that yeast and human elongation complexes differ in molecular mass and functional properties, and they provide support for the hypothesis that formation of mature, DNA-bound elongation complexes involves the postinitiation recruitment of nuclear factors.
harvested, and supernatants were analyzed on a 3.5% polyacrylamide (80:1)-0.5% agarose composite native gel. Composite native gels were prepared by taking 65 ml of 0.62% SeaKem (FMC) agarose (melted, cooled to 50°C), adding 700 l of 10% ammonium persulfate, and then immediately pouring the gel after the addition of 15 ml of solution 2 (8 ml of 0. at 200 V for 4 h. Gels were fixed in 50% methanol-15% acetic acid for 5 min and were dried overnight under a vacuum without heat, and complexes were visualized by autoradiography.
(ii)Human complexes. Transcription reactions were performed as described above except that stop buffer was omitted. Reaction mixtures were incubated at 30°C for 45 min, and immobilized templates were magnetically harvested and washed once with 30 l of buffer HD [10 mM HEPES-KOH (pH 7.9), 50 mM potassium chloride, 10% glycerol, 200 M EGTA, 200 M EDTA, 8.3 mM magnesium chloride, 2 mM dithiothreitol, 40 U of RNasin, 1.5 g of poly(dIdC)]. The washed templates were digested for 20 min at 30°C with 30 l of buffer HD containing 40 U of DraI, and supernatants were analyzed on native gels as described above.
Slot immunoblotting. Native gel slices containing RNAPII elongation complexes were subjected to electroelution at 4°C for 2 h at 200 V in 25 mM Tris-190 mM glycine (pH 8.3) by using an Elu-Trap electroeluter (Schleicher and Schuell). Eluants were slot blotted onto an Immobilon-P membrane (Millipore) and were probed with a monoclonal antibody specific for the phosphorylated form of the largest subunit of RNAPII (27) (B3; immunoglobulin M [IgM]; dilution, 1:2,000), followed by goat anti-mouse IgM coupled to horseradish peroxidase (dilution, 1:50,000; Jackson Laboratories). Immune complexes were visualized by addition of Blaze ECL chemiluminescent substrate (Pierce) and autoradiography.
Glycerol gradient sedimentation analysis. Reactions were performed as described for native gel analysis except that the reactions were scaled up 10-fold and the blocked complexes were washed once with 300 l of transcription buffer and liberated in 100 l of transcription buffer containing 100 U of DraI. For analysis of human complexes, gradients contained 10 mM HEPES-KOH (pH 7.9), 50 mM potassium chloride, 200 M EGTA, 200 M EDTA, 8.3 mM magnesium chloride, 2 mM dithiothreitol, and a gradient of either 12 to 30% or 15 to 50% glycerol. For analysis of yeast complexes, acetate salts were substituted for the chloride salts. Gradients (5.2 ml) were poured at 0.2 ml/min by using an FPLC P500 pump (Pharmacia), and the entire supernatant of the DraI digestion was layered on top. For analysis of complexes derived from isolated PICs, the supernatant from a 90-l reaction containing isolated PICs was mixed with an equal volume of transcription buffer lacking polyvinyl alcohol, and 100 l was layered on the gradient. Gradients were spun for 6 h at 45,000 rpm in an SW55 Ti rotor and were fractionated from the bottom. Fractions (200 l) were collected by hand, and a portion was analyzed on a native gel or treated with RNase T 1 , ethanol precipitated, and analyzed on a denaturing polyacrylamide gel. Molecular standards used were thyroglobulin, catalase, bovine serum albumin, and Escherichia coli 30S and 50S ribosomal subunits purified from strain BL21 (49) . Gradients containing the standards were spun for each experiment, and the protein concentration of each fraction was determined by Bio-Rad protein assays. To visualize the ribosomal subunits, fractions were extracted with phenolchloroform, ethanol precipitated, resuspended in 1% SDS-10% glycerol-0.25ϫ Tris-borate-EDTA, and analyzed on 0.8% agarose gels. Amounts of the 23S and 16S RNAs were quantitated by ethidium bromide fluorescence.
RESULTS
Functional yeast RNAPII elongation complexes can be isolated from nuclear extracts and visualized on native gels. To initiate a characterization of RNAPII elongation complexes, immobilized DNA templates were utilized to isolate blocked elongation complexes from yeast nuclear extracts. Previous studies demonstrated that elongation by mammalian RNAPII could be arrested both in vivo and in vitro by E. coli Lac repressor protein bound to a lac operator (12, 22) , whereas elongation by vaccinia virus RNA polymerase could be arrested by incorporation of 3Ј-O-methyl-GTP into the nascent transcript (14) . To potentially use either of these approaches to block yeast RNAPII elongation complexes, a plasmid was constructed (pCYC1-Dual) that contained the yeast CYC1 pro-VOL. 2, 2003 YEAST AND HUMAN RNAPII ELONGATION COMPLEXES 319 moter fused to a 380-bp G-less cassette, followed sequentially by a 100-bp (G-containing) region with two E. coli Lac repressor binding sites and a distal G-less cassette of 280 bp. By using pCYC1-Dual as a template, a 1.6-kbp DNA fragment containing the CYC1 promoter and both G-less cassettes was amplified by PCR using a 5Ј-biotinylated upstream primer and was immobilized to streptavidin-coated paramagnetic beads (see Materials and Methods) (Fig. 1A) . To determine whether incorporation of 3Ј-O-methyl-GTP into nascent transcripts blocks yeast RNAPII elongation complexes, transcription assays were performed with CYC1-Dual and yeast nuclear extract both in the presence and in the absence of 3Ј-O-methyl-GTP. In reactions containing GTP and lacking 3Ј-O-methyl-GTP, two transcripts of approximately 380 nucleotides and one 280-nucleotide transcript were observed (Fig. 1B, lane Ϫ) . These three transcripts were expected products, since the CYC1 promoter is known to generate two major nascent transcripts (initiating early in the proximal G-less cassette) and the reactions were treated with RNase T 1 prior to gel analysis. Because RNase T 1 hydrolyzes the 3Ј-phosphate of guanylate residues in the RNA, transcripts initiating within the proximal G-less cassette and extending through the end of the distal G-less cassette will yield both a 380-and a 280-nucleotide transcript after T 1 digestion due to the presence of the intervening G-containing (lac operator) sequence between the two G-less cassettes. In reactions containing 3Ј-O-methyl-GTP and lacking GTP, transcription elongation through the distal cassette was efficiently blocked, as indicated by the specific loss of the distal transcript (Fig. 1B, lane ϩ) . Additional experiments demonstrated that templates lacking the CYC1 promoter did not support significant levels of transcription and that the addition of purified lac repressor also blocked production of the distal transcript (data not shown).
To potentially visualize blocked elongation complexes on native gels, simplified templates were constructed that contained the CYC1 promoter fused to the proximal 380-bp G-less cassette, followed by a minimal amount of G-containing vector sequence (40 or 140 bp) to facilitate blockage of the complexes with 3Ј-O-methyl-GTP ( Fig. 2A) . To liberate blocked elongation complexes from the template, a unique DraI restriction site was engineered approximately 70 bp upstream from the end of the G-less cassette. Reactions were performed with immobilized CYC1-110 or CYC1-210 in the presence of nuclear extract, ATP, CTP, 3Ј-O-methyl-GTP, and [␣-
32 P]UTP. Templates containing blocked elongation complexes were harvested, washed, and then incubated in transcription buffer either in the presence or in the absence of DraI. After incubation, the templates were reharvested and the supernatants were analyzed on composite polyacrylamide-agarose native gels. The results revealed the presence of both DraI-independent and DraI-dependent labeled species in these supernatants (Fig. 2B ). The DraI-independent species was variably present and could be removed by modest additional washing (data not shown). The mobility of the DraI-dependent species in the native gel was affected by the length of DNA downstream of the DraI site (Fig. 2B) , and the integrity of the species was sensitive to RNase, heat, and proteinase K ( Fig. 2C and data not shown). These results indicate that the DraI-dependent species represents ternary complexes containing protein, DNA, and labeled RNA. To determine whether the DraIliberated complexes contained the hyperphosphorylated (IIO, elongating) form of RNAPII, scaled-up (10ϫ) reactions were performed using unlabeled UTP, and the DraI supernatant was loaded alongside that from a 1ϫ labeled reaction on a native gel. Gel slices corresponding to the positions of the labeled complexes were excised from lanes containing a 10ϫ reaction or, as controls, from 10ϫ reactions that lacked either nucleotides or DraI. The gel slices were subjected to electroelution, and the eluants were analyzed by slot immunoblotting using a monoclonal antibody (B3) specific for the IIO form of RNA-PII. The results demonstrated the presence of RNAPIIO in gel slices excised from the experimental, but not from the control, reactions (Fig. 2D ). Taken together, these results indicate that the DraI-dependent species are blocked yeast RNAPII elongation complexes.
Human RNAPII elongation complexes are larger and more stably bound to the DNA template than their yeast counterparts. Having established an approach to isolate and visualize yeast RNAPII elongation complexes, we tested whether this method could be used to isolate functional RNAPII elongation complexes from human cell nuclear extracts. An immobilized template containing the adenovirus major late promoter (AdMLP) substituted for the yeast CYC1 promoter was constructed and used in transcription assays with HeLa cell nuclear extracts (Fig. 3A) . In the reaction lacking both GTP and 3Ј-O-methyl-GTP, the proximal 380-and distal 280-nucleotide transcripts were both produced (Fig. 3B) , presumably due to the presence of residual GTP in the HeLa extract and/or generation of GTP during the reaction. Nevertheless, as observed with the yeast reactions, the addition of 3Ј-O-methyl-GTP efficiently blocked production of the distal transcript (Fig. 3B) . Additional results demonstrated that templates lacking the promoter did not support significant transcription and that Lac repressor could also block production of the distal transcript (data not shown).
To potentially visualize human RNAPII elongation complexes on native gels and compare them to their yeast counterparts, simplified variants of the AdML-Dual template lacking the distal cassette were constructed as done previously with the yeast CYC1-Dual template (AdML-110 and AdML-210) (Fig. 4A) . Immobilized templates containing either the AdML or CYC1 promoter fused to the single G-less cassette were incubated with either yeast or HeLa cell nuclear extracts in the presence of 3Ј-O-methyl-GTP and [␣-
32 P]UTP. The templates containing blocked elongation complexes were then harvested and incubated in the appropriate transcription buffer either lacking or containing DraI, and the supernatants were subsequently isolated and analyzed on native gels as previously. The results demonstrated that the supernatants from the HeLa reactions contained both a DraI-independent and a larger and more heterogeneous set of DraI-dependent complexes (Fig.  4B) . The mobility of the DraI-liberated complexes was dependent upon the size of the DNA fragment liberated, whereas the mobility of the DraI-independent complexes was not. These results suggest that the human DraI-dependent and -independent complexes represent RNAPII elongation complexes that remain bound to the template or have dissociated from the template, respectively. In addition, the relative mobility of the yeast and human ternary complexes suggested that the human complexes were significantly larger than their yeast counterparts (Fig. 4B and C) .
As noted above, a significant amount of DraI-independent 32 P]UTP. Immobilized templates containing blocked complexes were harvested, washed, and digested with DraI, and the supernatants were analyzed on composite 0.5% agarose-3.5% polyacrylamide native gels. (C) Elongation complexes were blocked on immobilized templates as described above and then incubated for 5 min at 95°C or in the presence of RNase A (10 g/ml). The immobilized templates were then treated with DraI, and supernatants were analyzed on composite 0.5% agarose-3.5% polyacrylamide native gels. (D) Slot immunoblotting. Nonradioactive 10ϫ scaled-up reactions (300 l) were performed with template CYC1-210 as described above for Fig. 2B (rightmost lane) or with the omission of NTPs or the DraI restriction enzyme. Supernatants from the DraI incubation step of these reactions were resolved on a composite native gel alongside labeled complexes as described above. Gel slices corresponding to the positions of the elongation complexes were excised from the native gel and subjected to electroelution. Eluants were slot blotted onto a polyvinylidene difluoride membrane and probed with an antibody specific for the hyperphosphorylated form of RNAPII. In contrast, very little of these complexes was observed with the corresponding yeast reactions (Fig. 4B and  C) . These results suggested that either the yeast elongation complexes were more stably associated with the DNA template or a substantial portion of the yeast elongation complexes was less stably bound and had dissociated from the template prior to the DraI (mock) incubation step. To address this issue, transcription reactions were performed with either yeast or human nuclear extracts with the inclusion of 3Ј-O-methyl-GTP, and the distribution of labeled transcript released into the supernatant or remaining associated with the immobilized template was determined. In reactions with yeast nuclear extract, approximately 40% of the transcript produced remained associated with the immobilized template (Fig. 4D ). In contrast, approximately 90% of the transcript synthesized in the reactions with HeLa extract remained associated with the immobilized template (Fig. 4D) . These results suggest that blocked human RNAPII elongation complexes possess a greater stability for association with the DNA template and/or the associated transcript than their yeast counterparts. Human RNAPII elongation complexes that remain associated with DNA exhibit a sedimentation coefficient of approximately 60S. To estimate the molecular mass of human RNA-PII elongation complexes, we compared the glycerol gradient sedimentation values of the complexes to those of standards with known Svedberg values (S) and molecular masses that were analyzed in parallel gradients. A scaled-up (10ϫ) reaction was performed, and the supernatant from the DraI digestion was fractionated by centrifugation through a 12 to 30% glycerol gradient. Portions of each fraction were analyzed on a native gel (Fig. 5A) or treated with RNase T 1 and analyzed on a denaturing polyacrylamide gel (Fig. 5B) . The results demonstrated the existence of multiple forms of the human elongation complex that differed in sedimentation value and/or size of the associated transcript. A series of complexes ranging from approximately 11 to 30S was resolved in the gradient, but their associated transcripts were not detected initially ( . To reexamine the sizes of the transcripts associated with these 11-to-30S complexes, the experiment was repeated with the DraI supernatant fractionated on a 15 to 50% glycerol gradient and the denaturing gel electrophoresis conditions were modified in order to retain small transcripts on the gel. The results demonstrated that the gradient fractions containing complexes smaller than 30S (fractions 16 and higher) contained transcripts of approximately 50 nucleotides (Fig. 5C ). These results suggest that the 11-to-30S complexes represent elongation complexes that are arrested early in the promoterproximal region of the G-less cassette. In addition to the 11-to-30S complexes, three major forms of FIG. 5 . Glycerol gradient sedimentation analysis of human RNAPII elongation complexes. Human elongation complexes were isolated from immobilized template AdML-110 as described in Materials and Methods and were subjected to sedimentation through either a 12 to 30% (A and B) or a 15 to 50% (C) glycerol gradient. Gradients were fractionated, and a portion of each fraction was analyzed on a composite native gel (A) or treated with RNase T 1 and analyzed by denaturing polyacrylamide gel electrophoresis (B and C). The positions of the 380-, 310-, and 50-nucleotide transcripts are indicated. The migration of molecular weight standards in parallel gradients with known Svedberg (S) values is indicated (catalase, thyroglobulin, and 30S and 50S subunits of purified E. coli ribosomes).
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the elongation complex containing discrete RNA species were resolved. The smallest major complex was approximately 33S and was associated with a transcript of approximately 310 nucleotides, whereas the second complex migrated slightly further in the gradient and was associated with the full-length 380-nucleotide transcript. These two complexes (33S and 38S) comigrated with the DraI-independent complex on a native gel. The third and largest complex peaked beyond the 50S subunit (1.6 MDa) of the E. coli ribosome and just prior to the bottom of the gradient. This large human complex, approximately 60S, comigrated with the DraI-dependent ternary complex on a native gel and contained only the full-length 380-nucleotide transcript. To rule out the possibility that the migration of the elongation complexes in the gradient was influenced by the presence of nonspecific DNA-binding proteins on the 110-bp DNA fragment, Southern blot analysis was performed on a portion of each fraction. Since we estimate that only 1 template in 1,000 gives rise to a stable elongation complex, any nonspecific DNA binding proteins contributing to the size of the complexes must be present on virtually all of the templates in the reaction. Southern blot analysis confirmed that the DraIliberated DNA fragments migrated as a single peak very early in the gradient with an estimated molecular mass equivalent to that of the DNA fragment alone (data not shown). To confirm that the large human complex did not represent precipitated material at the bottom of the gradient, the experiment was repeated with the DraI supernatant fractionated on a 15 to 50% glycerol gradient. The results demonstrated that the large complex sedimented near the middle of the 15 to 50% gradient, again with a sedimentation coefficient greater than that of the 50S standard (Fig. 5C) . The presence of a 310-nucleotide transcript associated with a subset of the DraI-liberated human complexes was intriguing in light of the fact that the DraI site used to liberate the complexes is located 70 bp upstream from the end of the 380-bp G-less cassette. The 310-nucleotide transcript could result from the 3Ј-5Ј exonuclease activity that is intrinsic to RNAPII and is stimulated by the elongation-associated factor TFIIS (8) . Enhanced 3Ј-5Ј exonuclease activity of the polymerase in these complexes could cause the elongation complex to back off of the DraI-liberated DNA fragment after it had excised approximately 70 nucleotides from the 3Ј end of the 380-nucleotide transcript. Since the 3Ј-5Ј exonuclease activity of the polymerase can be suppressed by nucleoside triphosphates (NTPs), we tested whether production of the 310-nucleotide transcript could be suppressed by the inclusion of NTPs during the DraI incubation step. Templates containing blocked labeled complexes were harvested, washed, and incubated with DraI either in the absence or in the presence of ATP, CTP, UTP, and 3Ј-O-methyl-GTP. The supernatants were then either analyzed on a native gel (Fig. 6A) or treated with RNase T 1 and analyzed on a denaturing polyacrylamide gel (Fig. 6B) . Complexes liberated from the template by DraI digestion in the absence of NTPs displayed heterogeneity in their mobility in the native gel and were associated with transcripts heterogeneous in length. In contrast, complexes liberated by DraI digestion in the presence of NTPs migrated as better-defined species in the native gel and were associated predominantly with full-length transcript. These results indicate that a subset of the human RNAPII elongation complexes exhibits an NTP-reversible 3Ј-5Ј exonuclease activity on the associated transcript.
Native gel analysis of yeast and human complexes indicated that the mobility of the DraI-dependent yeast ternary complexes was similar to that of the DraI-independent human complexes (Fig. 4) . Consistent with this result, glycerol gradient analysis of the DraI supernatants from yeast reactions revealed that the yeast ternary complexes migrated as a single species slightly larger than the E. coli 30S ribosome subunit and were associated with full-length 380-nucleotide transcripts (data not shown). Taken together, these results suggest that human RNAPII elongation complexes that remain associated with a 110-bp DNA fragment are approximately 2 MDa, whereas the analogous yeast complexes are approximately 1.2 MDa.
Formation of 60S human RNAPII elongation complexes requires the presence of nuclear factors during elongation. In light of the deduced size of the human elongation complexes, we sought to determine whether these complexes were composed entirely of components present in PICs or were a product of PICs that had initiated transcription and subsequently recruited additional factors from the nuclear extract to the elongation complex. To address this, we compared the sizes of the DraI-liberated complexes from reactions that contained nuclear extract during transcription through the G-less cassette to those from reactions where PICs were preformed on the immobilized template and magnetically purified, and transcription performed in the absence of nuclear extract. Surprisingly, reactions containing the isolated PICs did not yield any signif- icant amount of DraI-liberated ternary complex, despite the fact that these reactions yielded approximately 60% of the transcript synthesized in reactions containing nuclear extract during elongation ( Fig. 7A and B) . These results suggested that the presence of nuclear extract during the elongation phase was required for the production of elongation complexes that remain associated with the DNA template. Accordingly, we reasoned that the majority of the elongation complexes derived from isolated PICs had dissociated from the template after transcribing through the G-less cassette. To estimate the sizes of these complexes, the supernatant of the transcription reaction containing isolated PICs was fractionated on a glycerol gradient, and each fraction was treated with RNase T 1 and analyzed on a denaturing polyacrylamide gel. The results revealed that elongation complexes derived from isolated PICs were present in the reaction supernatant and migrated through the glycerol gradient with a sedimentation coefficient of approximately 40S (Fig. 7C) . Combined with the analyses in Fig.  5 , these results suggest a postinitiation recruitment of nuclear factors to the human RNAPII elongation complex that confer a dramatic increase in the mass of the complex (to approximately 2 MDa) and an accompanying ability to remain associated with the DNA template.
DISCUSSION
Functional yeast and human RNAPII elongation complexes from nuclear extracts are megadalton-sized complexes that can be visualized on native gels. A native gel assay was used to visualize both yeast and human RNAPII elongation complexes ( Fig. 2 and 4) . In this assay, elongation complexes were labeled by incorporation of [ 32 P]UTP into the associated transcripts, were blocked at the end of a G-less cassette by use of 3Ј-Omethyl-GTP, and were liberated from immobilized DNA templates by DraI restriction enzyme digestion and analyzed on composite acrylamide-agarose native gels. Approximately 90% of the transcript synthesized in the reactions with HeLa extract was found to remain associated with the immobilized template, whereas about 40% of the transcript produced in the yeast reactions remained associated (Fig. 4D) . These results suggest that the blocked human RNAPII elongation complexes possessed a greater stability for the DNA template and/or the associated transcript than their yeast counterparts. The human elongation complexes liberated by DraI digestion migrated more slowly through the native gels than their yeast counterparts, and the sizes of the yeast and human complexes were not affected by whether they were formed on templates containing Templates from the reactions with isolated PICs or PICs in the presence of nuclear extract were magnetically harvested, washed, and treated with DraI, and the supernatants were analyzed on native gels. (C) Glycerol gradient sedimentation analysis. Transcription was performed using isolated PICs as described for panel A. Immediately after the reaction incubation, the templates were harvested and the supernatant was isolated and subjected to sedimentation through a 12 to 30% glycerol gradient. Gradient fractions were treated with RNase T 1 , and the RNA was analyzed by denaturing polyacrylamide gel electrophoresis. The migration of molecular weight standards with known Svedberg (S) values in parallel gradients is indicated (catalase, thyroglobulin, and 30S and 50S subunits of purified E. coli ribosomes).
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on October 11, 2017 by guest http://ec.asm.org/ the yeast CYC1 or AdML promoter (Fig. 4 ). An effect of promoter strength was observed, however, with the AdML promoter giving rise to more complexes in the HeLa nuclear extracts and the CYC1 promoter giving rise to more complexes in the yeast nuclear extracts. By use of glycerol gradient sedimentation analysis, we confirmed and extended the results from the native gel assays and assigned molecular mass estimates to the elongation complexes from both yeast and human extracts. In reactions containing yeast nuclear extract, a single major form of the RNA-PII elongation complex was observed that was associated with the DraI-liberated 110-bp DNA fragment. This complex contained only the full-length 380-nucleotide transcript and exhibited a sedimentation coefficient of approximately 35S, corresponding to an estimated molecular mass of 1.0 to 1.2 MDa. In reactions containing HeLa nuclear extract, a number of elongation complexes were identified. A series of smaller complexes, ranging from approximately 11 to 30S, were resolved and found to be associated with transcripts of approximately 50-nucleotides. These smaller complexes most likely correspond to elongation complexes spontaneously arrested in the promoter-proximal region of the G-less cassette. We observed that addition of exogenous TFIIS stimulated the formation of the proximal transcript, consistent with the presence of spontaneously arrested complexes in this region (data not shown). Since these complexes are visualized by virtue of a small associated transcript, it appears that there are a significant number of these promoter-proximally paused complexes on the immobilized templates.
In addition to the 11-to-30S complexes, three major forms of the human elongation complex were resolved. The smallest complex (complex I) exhibited a sedimentation coefficient of approximately 33S and was associated with a 310-nucleotide transcript. The inclusion of NTPs during the DraI incubation step suppressed the formation of the 310-nucleotide transcript (Fig. 6B) , consistent with the view that production of the 310-nucleotide transcript was due to enhanced 3Ј-5Ј exonuclease activity of the polymerase, possibly due to the presence of TFIIS in this complex. We calculate that approximately 1 to 2 fmol of this human complex is liberated by DraI treatment of a 10ϫ (300-l) reaction. Thus, further scaling up of this procedure is necessary for the direct biochemical determination of the presence of TFIIS in this complex, as well as for identification of additional components of these functional elongation complexes.
The second human complex identified in this study (complex II) was slightly larger than complex I and was associated with the full-length 380-nucleotide transcript. Complex II corresponds to the DraI-independent complex and most likely represents an elongation complex that transcribed the entire Gless cassette and then dissociated from the template. The third major human complex (complex III) remained associated with the 110-bp DraI DNA fragment and exhibited a sedimentation coefficient of approximately 60S, corresponding to an estimated molecular mass of about 2 MDa. It should be noted that the presence of the 110-bp DNA fragment in complex III is not sufficient to explain the large size difference between complex III and complexes I and II. It is unclear whether complexes I and II represent distinct and smaller forms of the elongation complex or are the result of a partial dissociation of the DNA and several factors from complex III. Interestingly, the DraIdependent human complex III is significantly larger than its yeast counterpart (1.0 to 1.2 MDa). Since the combined molecular mass of RNAPII, the 380-nucleotide transcript, and the 110-bp liberated DNA fragment is approximately 600 to 700 kDa (19S), the estimated mass of both the yeast and human ternary complexes suggests that they contain a substantial number of additional factors.
The discovery that numerous mRNA processing factors interact with the hyperphosphorylated form of the RNAPII CTD has led to the proposal that in vivo mRNA synthesis is carried out by a large mRNA-synthesizing and -processing factory, or transcriptosome (10, 43) . The 60S human complex isolated in this study is large enough to accommodate the core ternary complex (RNAPII, RNA, and DNA) plus as much as 1.4 MDa of additional factors. It is likely that, even under our mild isolation conditions, additional associated factors have been lost from this complex. Thus, our size estimate of 2 MDa most likely reflects a lower limit on the size of native human elongation complexes. Since most human type II genes contain introns whereas less than 4% of yeast mRNAs undergo splicing (43) , the larger size of the human elongation complexes (about 1 MDa larger than their yeast counterparts) might reflect the differential requirement for splicing factors in these complexes.
Formation of 60S human RNAPII elongation complexes requires the presence of nuclear factors during elongation. We investigated whether reactions containing isolated human PICs give rise to the same elongation complexes that are produced in reactions containing nuclear extract during both the initiation and elongation phases. Although the overall level of transcription from isolated PICs was comparable to that in reactions containing nuclear extract, the ability of the isolated PICs to generate stable 60S ternary elongation complexes was strikingly impaired (Fig. 7) . Rather, elongation complexes derived from isolated PICs were released from the immobilized template after synthesis of the 380-nucleotide transcript and exhibited a sedimentation coefficient of approximately 40S (Fig.  7C) . These results strongly suggest postinitiation recruitment of nuclear factors to the human RNAPII elongation complex that results in both a dramatic increase in the size of the complex (to approximately 2 MDa) and an increased association of the complex with the DNA template. Such factors might include those that specifically modulate RNAPII elongation processivity, as well as factors involved in mRNA processing and/or packaging and nuclear transport. It will be of significant interest to extend and modify the biochemical approaches described in this work in order to precisely define the molecular composition of these complexes and to examine the effects of transcriptional regulatory proteins on both their composition and their functional properties.
